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Semi-active control is emerging as an effective method of mitigating structural damage from large environmental loads, with two main benefits over active and passive solutions. First, a large power/energy supply is not required. Second, they provide the broad range of control that a tuned passive system cannot, making them better able to respond to changes in structural behaviour due to non-linearity, damage or degradation. In this paper, a semi-active rocking wall is designed, analysed and validated in real-time, high-speed hybrid testing. 

Semi-active devices are particularly suitable where the device may not be required to be active for extended periods (Bobrow et al., 2000). The potential of semi-active systems to mitigate damage during seismic events is well documented (e.g.  Barroso et al., 2003; Jansen and Dyke, 2000; Yoshida and Dyke, 2004). Instead of altering the damping of the system, resetable devices non-linearly alter the stiffness with the stored energy being released as the working fluid reverts to its initial pressure on resetting. In this case, semi-active resetable devices could be readily located in a hollow-core pre-cast rocking wall to provide added response energy management.

Resetable semi-active damping also offers the unique opportunity to sculpt the structural hysteresis loop by actively controlling the device valve and reset times (Mulligan et al, 2005; Rodgers et al, 2006). For this rocking system the semi-active device provides an added restoring force on upwards rocking, restricting rotation. At each cycle’s peak rocking amplitude, the stored energy is released. The wall rocks back under self weight, dissipating further energy on impact. This process occurs for each cycle, rather than for only the 1-2 cycles of significant energy dissipation achieved using passive, pre-tensioned cable designs (Ajab et al, 2003).

2  DEVICE DYNAMICS







Figure 1: Schematic of semi-active resetable actuators









Assuming small motions, Equation (2) can be linearized.

					      (3)

where A is the piston area. Hence the effective stiffness of the resetable device is defined:
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Equations (1)-(4) are used to develop validated, non-linear device models (Mulligan et al, 2005).

3  ANALYSIS METHODS
The rocking wall system analysed is a scaled version of a wall designed for a large, open structure. The basic dimensions are 0.45x5m with a mass of 2802kg . Each rocking wall supports a portion of a lumped roof mass, as shown in Figure 2. The resetable device can be located within hollow sections of the wall, with a schematic of the resulting forces shown in Figure 2. 
















Figure 2: Schematic of rocking system showing semi-active device.

The linearised equation of motion of the wall rotating about rocking point O or O’ is defined:

				(5)
where I is the mass moment of inertia, is the rotational acceleration about the rotation point, M is the total mass of the system, g is acceleration due to gravity, H is the height to the effective centre of mass, is the rotation about O or O’, B is the width of the wall, is the semi-active force, and F(t) is the applied force due to ground motion. 

Analysis is carried out using the real-time high-speed hybrid testing procedure where the rocking wall is represented by a computational model and the semi-active device is a physical sub-structure in a dynamic test rig. Real-time control and physical-virtual interface management is provided by a dSpace control prototyping system utilising Simulink. The hybrid test analysis procedure has the following steps, which are also illustrated in Figure 3, for any time step.

	Wall model calculations determine the rotation of the wall depending on the ground motion and other forces
	Rotation of the wall is converted into the linear displacement the actuator would experience when contained within the wall and this signal is sent to the dynamic test rig
	Valve control for the semi-active devices is determined based on the current time step displacement and control law defined
	Dynamic test rig supplies the displacement to the physical semi-active device
	Force developed in the device is returned to the virtual system to be used in the subsequent time-step calculation.

The process is repeated step-wise for the complete ground motion record. Absolute Newmark–β with constant average acceleration integration was employed. A time step of 0.001 seconds was chosen for the entire process, as the error in each time step is small enough that no equilibrium iteration is required, enabling a rapid and simple test procedure. Finally, by using a physical full-scale, or near full-scale, device should provide a more realistic set of results.


Figure 3. Representation of major components and steps in hybrid testing procedure

Response of the wall system was examined for the odd half of the medium suite of ground motions from the SAC project, which are scaled for a 10% in 50 years probability of occurrence in the Los Angeles area (Sommerville et al, 1997). This suite is used because it contains a range of near and far field ground motions of significant size to cause significant rocking. This choice thus represents a compromise over the range of magnitudes and ground motion types possible.

Finally, a non-linear analytical semi-active device model was developed and verified by comparing the results to the experimental results. This model captures all the important dynamics of the devices allowing further simulation and analysis for a full size wall (1.2x8m) with appropriately scaled semi-active devices. These results can then be performed for much larger sets of ground motions and statistically summarized.

4 RESULTS AND DISCUSSION






























Figure 5. Typical Force-Displacement response of the hybrid tested semi-active device illustrating ability of response to be manipulated to only provide large forces when required in specific parts of the response cycle.


























Figure 6. Effect of semi-active devices changing the period of rocking motion in hybrid testing The plot only shows the portion when the wall is rocking, prior to which the acceleration was insufficient to cause the wall to rock.

Similar results were obtained for the remainder of the medium suite ground motions examined using the hybrid test procedure. In most cases, reductions, similar to Figure 4, were observed. However, as illustrated in Figure 6, the non-linear effect of adding semi-active devices must be considered. Hence, the suite-based analysis approach offers the opportunity to classify the system response to a wider variety of ground motions and to use statistics amenable to use in currently used performance-based design methods.

The non-linear analytical semi-active device model developed exhibits close correlation with the actual device. Figure 7 shows the hybrid test response and the simulated analytical response using the non-linear model. The accuracy of the model allows scaling of the semi-active devices for a variety of applications and analyses. Similarly accurate results with errors less than 1-5% on peak or average values indicate that the model is a very accurate representation of the device. 























Figure 7. Comparison of hybrid and non-linear analytical model test results for the Loma Prieta ground motion.
	
Table 1: Summary of reduction factors (uncontrolled/controlled) for rocking system response to medium suite.
Metric	K=1000 kN/m	K = 5000 kN/m	K= 10000kN/m
R.F geometric mean	1.01	1.14	1.21
R.F multiplicative variance	1.10	1.27	1.43
ξ geometric mean	5.11	5.47	   7.12
ξ multiplicative variance	1.15	2.13	2.30
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